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AMPLIFIER ASSEMBLIES WITH MULTIPLE
ANTENNA STRUCTURES AND AMPLIFIERS

RELATED APPLICATION

The present application 1s related to U.S. patent applica-
tion Ser. No. 15/933,821, filed on Mar. 23, 2018, entitled
“SPATIAL POWER-COMBINING DEVICES WITH FIL-

TERING ELEMENTS,” and subsequently published as U.S.
Patent Application Publication No. 2019/0068140 Al on

Feb. 28, 2019, which 1s incorporated herein by reference 1n
its entirety.

FIELD OF THE DISCLOSURE

The disclosure relates generally to an amplifier assembly
and, more particularly, to an amplifier assembly with mul-
tiple antenna structures and amplifiers.

BACKGROUND

Spatial power-combining devices, such as a Qorvo®
Spatium® spatial power-combining device, are used for
broadband radio frequency power amplification 1n commer-
cial and defense communications, radar, electronic warfare,
satellite, and various other communication systems. Spatial
power-combining techniques are implemented by combin-
ing broadband signals from a number of amplifiers to
provide output powers with high efliciencies and operating,
frequencies. One example of a spatial power-combining
device utilizes a plurality of solid-state amplifier assemblies
that form a coaxial waveguide to amplily an electromagnetic
signal. Hach amplifier assembly may include an input
antenna structure, an amplifier, and an output antenna struc-
ture. When the amplifier assemblies are combined to form
the coaxial waveguide, mput antennas may form an input
antipodal antenna array, and output antennas may form an
output antipodal antenna array.

In operation, an electromagnetic signal 1s passed through
an mput port to an iput coaxial waveguide section of the
spatial power-combining device. The input coaxial wave-
guide section distributes the electromagnetic signal to be
split across the input antipodal antenna array. The amplifiers
receive the split signals and in turn transmit amplified split
signals across the output antipodal antenna array. The output
antipodal antenna array and an output coaxial waveguide
section combine the amplified split signals to form an
amplified electromagnetic signal that 1s passed to an output
port of the spatial power-combiming device.

Performance of spatial power-combining devices depends
on a number of parameters, including size, spacing, and
number of amplifier assemblies in a particular device. For
example, the size and spacing of the amplifier assemblies 1n
a coaxial arrangement about a center axis are relatively
important for a given operation frequency range and band-
width of the spatial-power combining device. If the spacing
between the amplifier assemblies 1s too great, the device
does not function; and 11 the spacing between the amplifier
assemblies 1s too close, there may be interference. Addition-
ally, the output power of a spatial-power combining device
1s proportional to the number of amplifier assemblies 1n a
particular device.

SUMMARY

Aspects disclosed herein include spatial power-combin-
ing devices and, in particular, spatial power-combining
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2

devices with amplifier assemblies that include multiple
antennas. Fach of the amplifier assemblies include multiple
amplifiers that are coupled to the multiple antennas and 1n
this manner, output power of a spatial power-combining
device 1s 1ncreased.

In this regard, 1n one aspect, a spatial power-combining
device for modilying a signal comprises a plurality of
amplifier assemblies, wherein each amplifier assembly of
the plurality of amplifier assemblies comprises a first ampli-
fier sub-assembly and a second amplifier sub-assembly. The
first amplifier sub-assembly comprises a first amplifier, a
first input antenna structure coupled to the first amplifier, and
a first output antenna structure coupled to the first amplifier.
The second amplifier sub-assembly comprises a second
amplifier, a second input antenna structure coupled to the
second amplifier, and a second output antenna structure
coupled to the second amplifier. In further aspects, the
spatial power-combining device comprises an mput coaxial
waveguide section configured to concurrently provide a
signal to the first mput antenna structure and the second
input antenna structure. The input coaxial waveguide section
comprises an mput waveguide inner conductor, an 1nput
waveguide outer conductor, and an input waveguide opening
positioned between the input waveguide mner conductor and
the input waveguide outer conductor. At least one amplifier
assembly of the plurality of amplifier assemblies comprises
a body that comprises a first amplifier assembly inner
conductor, a second amplifier assembly inner conductor, and
an amplifier assembly outer conductor. In further aspects,
the second amplifier assembly inner conductor 1s not in
contact with the input waveguide mnner conductor and the
input waveguide outer conductor.

In another aspect, a spatial power-combining device
structure for a spatial power-combining device comprises a
first amplifier assembly structure that comprises a wedge-
shaped body. The wedge-shaped body comprises a first
amplifier assembly inner conductor, a second amplifier
assembly 1nner conductor, and an amplifier assembly outer
conductor. The second amplifier assembly 1nner conductor 1s
at least partially separated from the first amplifier assembly
inner conductor and the amplifier assembly outer conductor.
In further aspects, the wedge-shaped body comprises a first
input opening that at least partially separates the second
amplifier assembly mner conductor from the first amplifier
assembly mnner conductor and a second mput opening that at
least partially separates the second amplifier assembly 1inner
conductor from the amplifier assembly outer conductor. A
first 1nput antenna structure may be coupled to the first
amplifier assembly inner conductor and the second amplifier
assembly iner conductor across the first input opening and
a second input antenna structure may be coupled to the
second amplifier assembly inner conductor and the amplifier
assembly outer conductor across the second mnput opening.
The spatial power-combining device structure may include
additional antenna structures and amplifiers.

In another aspect, a spatial power-combining device for
modifying a signal comprises a plurality of amplifier assem-
blies, wherein each amplifier assembly of the plurality of
amplifier assemblies comprises a plurality of amplifiers, and
the plurality of amplifiers are configured to concurrently
amplily an mput signal 1n parallel with each other. In some
aspects, the spatial power-combining device includes an
input coaxial waveguide section configured to provide the
iput signal, and each amplifier assembly 1s configured to
concurrently split the input signal into a plurality of 1mput
signal portions that correspond to a separate amplifier. The
plurality of amplifiers are configured to concurrently
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amplify a corresponding input signal portion to generate
corresponding amplified output signal portions and concur-
rently provide the corresponding amplified output signal
portions to an output coaxial waveguide section.

Those skilled i the art will appreciate the scope of the
present disclosure and realize additional aspects thereof after
reading the following detailed description of the preferred
embodiments 1n association with the accompanying drawing
figures.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

The accompanying drawing figures incorporated in and
forming a part of this specification 1llustrate several aspects
of the disclosure and, together with the description, serve to
explain the principles of the disclosure.

FI1G. 1 1s a partially-exploded perspective view of a spatial
power-combining device according to some embodiments;

FIG. 2A 1s a perspective view of an amplifier assembly
according to some embodiments;

FIG. 2B 1s a backside perspective view of the amplifier
assembly of FIG. 2A;

FIG. 3 1s a partial cross-sectional view of a spatial
power-combining device according to some embodiments;

FIG. 4 1s a perspective view of a portion of a spatial
power-combining device according to some embodiments;

FIG. 5§ 1s a partial cross-sectional view of a spatial
power-combining device according to some embodiments;

FIG. 6A 1s an elevation view of an amplifier assembly
according to some embodiments;

FIG. 6B 1s a diagram of an end view of the amplifier
assembly of FIG. 6A;

FIG. 7 1s an elevation view of an amplifier assembly
according to some embodiments;

FIG. 8 1s a diagram of an end view of an amplifier
assembly according to some embodiments; and

FIG. 9 1s a diagram of an end view of an amplifier
assembly according to some embodiments.

DETAILED DESCRIPTION

The embodiments set forth below represent the necessary
information to enable those skilled in the art to practice the
embodiments and 1illustrate the best mode of practicing the
embodiments. Upon reading the following description 1n
light of the accompanying drawing figures, those skilled 1n
the art will understand the concepts of the disclosure and
will recognize applications of these concepts not particularly
addressed herein. It should be understood that these con-
cepts and applications fall within the scope of the disclosure
and the accompanying claims.

It will be understood that, although the terms first, second,
etc. may be used herein to describe various elements, these
clements should not be limited by these terms. These terms
are only used to distinguish one element from another. For
example, a first element could be termed a second element,
and, similarly, a second element could be termed a first
clement, without departing from the scope of the present
disclosure. As used herein, the term “and/or” includes any
and all combinations of one or more of the associated listed
items.

It will be understood that when an element such as a layer,
region, or substrate 1s referred to as being “on” or extending,
“onto” another element, it can be directly on or extend
directly onto the other element or intervening elements may
also be present. In contrast, when an element is referred to
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as being “directly on” or extending “directly onto™ another
clement, there are no itervening elements present. Like-
wise, 1t will be understood that when an element such as a
layer, region, or substrate 1s referred to as being “over” or
extending “over” another element, it can be directly over or
extend directly over the other element or interveming ele-
ments may also be present. In contrast, when an element 1s
referred to as being “directly over” or extending “directly
over’ another element, there are no intervening elements
present. It will also be understood that when an element 1s
referred to as being “connected” or “coupled” to another
clement, 1t can be directly connected or coupled to the other
clement or intervening elements may be present. In contrast,
when an element 1s referred to as being “directly connected”
or “directly coupled” to another element, there are no
intervening elements present.

Relative terms such as “below” or “above” or “upper” or
“lower” or “horizontal” or “vertical” may be used herein to
describe a relationship of one element, layer, or region to
another element, layer, or region as illustrated in the Figures.
It will be understood that these terms and those discussed
above are intended to encompass different orientations of the
device 1 addition to the orientation depicted in the Figures.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be

limiting of the disclosure. As used herein, the singular forms
“a,” “an,” and “the” are intended to include the plural forms
as well, unless the context clearly indicates otherwise. It will
be further understood that the terms “comprises,” “compris-
ing,” “includes,” and/or “including” when used herein
specily the presence of stated features, integers, steps,
operations, elements, and/or components, but do not pre-
clude the presence or addition of one or more other features,
integers, steps, operations, elements, components, and/or
groups thereol.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this disclosure belongs. It will be further understood
that terms used herein should be interpreted as having a
meaning that 1s consistent with their meaning in the context
of this specification and the relevant art and will not be
interpreted 1 an i1dealized or overly formal sense unless
expressly so defined herein.

Aspects disclosed herein include spatial power-combin-
ing devices and, in particular, spatial power-combining
devices with amplifier assemblies that include multiple
antennas. Each of the amplifier assemblies includes multiple
amplifiers that are coupled to the multiple antennas and, 1n
this manner, output power of a spatial power-combining
device 1s increased.

The embodiments are particularly adapted to spatial
power-combining devices that operate at microwave Ire-
quencies, such as, by way of non-limiting example, energy
between about 300 megahertz (MHz) (100 centimeters (cm)
wavelength) and 300 gigahertz (GHz) (0.1 cm wavelength).
Additionally, embodiments may comprise operating Ire-
quency ranges that extend above microwave frequencies. A
spatial power-combining device may operate within one or
more common radar bands including, but not limited to
S-band, C-band, X-band, Ku-band, K-band, Ka-band, and
Q-band. In some embodiments, by way of non-limiting
examples, the operating frequency range includes an oper-
ating bandwidth spread of 2 GHz to 20 GHz. In other
embodiments, the operating frequency range includes an

operating bandwidth spread of 4 GHz to 41 GHz.
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A spatial power-combining device generally includes a
plurality of amplifier assemblies, and each amplifier assem-
bly includes an amplifier sub-assembly. The amplifier sub-
assembly includes an amplifier connected to an 1nput
antenna structure and an output antenna structure to provide
an individual signal path. An mput coaxial waveguide sec-

tion 1s configured to provide a signal concurrently to each
input antenna structure, and an output coaxial waveguide

section 1s configured to concurrently combine the amplified

signals from each output antenna structure. The plurality of
amplifier assemblies are arranged coaxially about a center
axis. Accordingly, the spatial power-combining device 1s
configured to split, amplity, and combine an electromagnetic
signal. The output power of the spatial power-combining
device 1s proportional to a total number of the amplifiers. In
that regard, some embodiments disclosed herein are related
to a spatial power-combining device that includes a plurality
of amplifier assemblies wherein each amplifier assembly
includes a plurality of amplifier sub-assemblies. Each ampli-
fier sub-assembly includes an amplifier connected to an
input antenna structure and an output antenna structure to
provide an individual signal path. Accordingly, each ampli-
fier assembly includes a plurality of amplifiers configured to
concurrently amplify an input signal in parallel with each
other across a plurality of individual signal paths.

FIG. 1 1s a partially-exploded perspective view ol a
representative spatial power-combining device 10 according
to some embodiments. The spatial power-combining device
10 comprises an put port 12 and an input coaxial wave-
guide section 14. The mput coaxial waveguide section 14
provides a broadband transition from the input port 12 to a
center waveguide section 16. Electrically, the mput coaxial
waveguide section 14 provides broadband impedance
matching from an impedance 7, ot the input port 12 to an
impedance 7 . of the center waveguide section 16.

The center waveguide section 16 comprises a plurality of
amplifier assemblies 18 arranged radially around a center
axis A of the spatial power-combining device 10. Each
amplifier assembly 18 comprises a body 20 having a pre-
determined wedge-shaped cross-section, an inner surface
22, and an arcuate outer surface 24. When the plurality of
amplifier assemblies 18 are collectively assembled radially
about the center axis A, they may form the center waveguide
section 16 with a generally cylindrical shape; however, other
shapes are possible, such as rectangular, oval, or other
geometric shapes.

The spatial power-combiming device 10 also comprises an
output coaxial waveguide section 26 and an output port 28.
The mput port 12 and the output port 28 may be field-
replaceable Subminiature A (SMA) connectors. In other
embodiments, the mput port 12 and the output port 28 may
be super SMA connectors, type N connectors, K connectors,
WR28 connectors or other coaxial to waveguide transition
connectors, or any other suitable radio frequency (RF)
connectors. The input port 12 and the output port 28 may
comprise the same type of connector, or they may be
different. For example, 1n FIG. 1, the output port 28 may be
a W28 connector, and the mput port 12 may be a SMA
connector; however, any combination of coaxial RF con-
nectors may be used. The output coaxial waveguide section
26 provides a broadband transition from the center wave-
guide section 16 to the output port 28. Electrically, the
output coaxial waveguide section 26 provides broadband
impedance matching from the impedance 7 _ of the center
waveguide section 16 to an impedance 7, of the output port

28.
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FIG. 2A 1s a perspective view of an amplifier assembly 18
according to some embodiments. The amplifier assembly 18
comprises a first amplifier sub-assembly 30 and a second
amplifier sub-assembly 32. The first amplifier sub-assembly
30 comprises a first amplifier 34, a first input antenna
structure 36 coupled to the first amplifier 34, and a first
output antenna structure 38 coupled to the first amplifier 34.
The second amplifier sub-assembly 32 comprises a second
amplifier 40, a second mnput antenna structure 42 coupled to
the second amplifier 40, and a second output antenna struc-
ture 44 coupled to the second amplifier 40. In this regard, the
first amplifier sub-assembly 30 and the second amplifier
sub-assembly 32 are separate signal paths for the first
amplifier 34 and the second amplifier 40, respectively. In
some embodiments, the first amplifier 34 comprises a first
Monolithic Microwave Integrated Circuit (MMIC) amplifier
and the second amplifier 40 comprises a second MMIC

amplifier.
A MMIC may be a solid-state gallium nitride (GaN)-

based MMIC. A GaN MMIC device provides high power
density and bandwidth, and a spatial power-combining
device may combine power from a plurality of GaN MMICs
ciliciently 1n a single step to minimize combining loss. A
conventional approach to increase the output power of a
spatial power-combing device involves increasing the num-
ber of amplifier assemblies; however, this approach 1s lim-
ited by how thin each amplifier assembly can be without
sacrificing mechanical mtegrity. Another approach 1s to add
a second MMIC to the single signal path of an amplifier
assembly and add a divider/combiner element or circuit that
distributes the incoming signal to each MMIC and receives
the signal from each MMIC. However, the divider/combiner
clement typically mtroduces adverse frequency limitations
to the overall device. Additionally, interference may be
present because both MMICs are on the same signal path. As
previously described, the amplifier assembly 18 of FIG. 2A
includes the first amplifier sub-assembly 30 and the second
amplifier sub-assembly 32 that provide separate signal paths
for each of the first amplifier 34 and the second amplifier 40,
respectively. Accordingly, the output power of a spatial
power-combining device may be scaled by adding additional
MMICs without comprising mechanical stability or sacri-
ficing device performance. In particular, the output power 1s
proportional to the number of amplifier sub-assemblies and
MMICs. For example, a spatial power-combining device
with sixteen amplifier assemblies, where each amplifier
assembly has two amplifier sub-assemblies with two corre-
sponding MMICs, will have about twice the output power as
a spatial power-combining device with sixteen amplifier
assemblies, where each amplifier assembly has only one
amplifier sub-assembly with one MMIC. In a like manner, a
spatial power-combining device where each amplifier
assembly has three amplifier sub-assemblies and three cor-
responding MMICs will have about three times the output
power compared to a spatial power-combining device where
cach amplifier has only one amplifier sub-assembly with one
MMIC, and a spatial power-combining device where each
amplifier assembly has four amplifier sub-assemblies and
four corresponding MMICs will have about four times the
output power compared to a spatial power-combining device
where each amplifier has only one amplifier sub-assembly
with one MMIC.

In FIG. 2A, the first input antenna structure 36 comprises
a first input antenna pattern 46 supported on a board 48, and
the first output antenna structure 38 comprises a {irst output
antenna pattern 30 supported on the board 48. Additionally,
the second 1nput antenna structure 42 comprises a second
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input antenna pattern 52 supported by the board 48, and the
second output antenna structure 44 comprises a second
output antenna pattern 34 supported by the board 48. The
board 48 may be a printed circuit board that provides a
desired form factor and mechanical support. It 1s understood
that each of the first input antenna pattern 46, the first output
antenna pattern 50, the second 1nput antenna pattern 52, and
the second output antenna pattern 54 may include signal
conductors and ground conductors on opposing sides of the
board 48. In other embodiments, the board 48 may be
substituted with a plurality of boards. In still other embodi-
ments, the first input antenna pattern 46, the first output
antenna pattern 50, the second 1nput antenna pattern 52, and
the second output antenna pattern 54 may comprise metal
that 1s thick enough to be incorporated into each amplifier
assembly 18 without requiring the board 48.

The body 20 of the amplifier assembly 18 comprises a first
amplifier assembly 1nner conductor 56, a second amplifier
assembly mner conductor 38, and an amplifier assembly
outer conductor 60. The second amplifier assembly 1nner
conductor 58 1s positioned between the first input antenna
structure 36 and the second 1mput antenna structure 42. The
second amplifier assembly mnner conductor 58 1s additionally
positioned between the first output antenna structure 38 and
the second output antenna structure 44. FIG. 2B 1s a back-
side perspective view of the amplifier assembly 18 of FIG.
2A. In FIG. 2B, the first amplifier assembly inner conductor
56, the second amplifier assembly inner conductor 38, and
the amplifier assembly outer conductor 60 are an integral
single component with the body 20. In some aspects, the
body 20 1s wedge-shaped to accommodate radial assembly
with other amplifier assemblies 18. As 1llustrated, the second
amplifier assembly inner conductor 58 1s at least partially
separated from the first amplifier assembly 1mnner conductor
56 and the amplifier assembly outer conductor 60. For
example, a {irst input opening 62 at least partially separates
the second amplifier assembly inner conductor 58 from the
first amplifier assembly nner conductor 56, and a second
input opening 64 at least partially separates the second
amplifier assembly inner conductor 58 from the amplifier
assembly outer conductor 60. The first input antenna struc-
ture 36, shown from the backside 1n FIG. 2B, 1s coupled to
the first amplifier assembly inner conductor 56 and the
second amplifier assembly inner conductor 58 across the
first mput opening 62. Additionally, the second input
antenna structure 42 1s coupled to the second amplifier
assembly imner conductor 38 and the amplifier assembly
outer conductor 60 across the second input opening 64. In a
similar manner, the first output antenna structure 38 1s
coupled to the first amplifier assembly 1nner conductor 56
and the second amplifier assembly 1nner conductor 38 across
the first mput opening 62 and the second output antenna
structure 44 1s coupled to the second amplifier assembly
inner conductor 58 and the amplifier assembly outer con-
ductor 60 across the second input opening 64.

Accordingly, some embodiments include a spatial power-
combining device structure that comprises a first amplifier
assembly structure comprising a wedge-shaped body. The
wedge-shaped body comprises a first amplifier assembly
inner conductor, a second amplifier assembly 1mnner conduc-
tor, and an amplifier assembly outer conductor. The second
amplifier assembly inner conductor i1s at least partially
separated from the first amplifier assembly 1nner conductor
and the amplifier assembly outer conductor.

FIG. 3 1s a partial cross-sectional view of a spatial
power-combining device 66 according to some embodi-
ments. Several amplifier assemblies 18 are omitted to 1llus-
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trate the following details. The spatial power-combining
device 66 1includes the mput port 12, the mnput coaxial
waveguide section 14, the center waveguide section 16, the
output coaxial waveguide section 26, and the output port 28
as previously described. The center waveguide section 16
includes the plurality of amplifier assemblies 18 arranged
radially around the center axis A of the spatial power-
combining device 66. As also described above, each ampli-
fier assembly 18 comprises the first amplifier sub-assembly
30 and the second amplifier sub-assembly 32. The first
amplifier sub-assembly 30 comprises the first amplifier 34,
the first input antenna structure 36 coupled to the first
amplifier 34, and the first output antenna structure 38
coupled to the first amplifier 34. The second amplifier
sub-assembly 32 comprises the second amplifier 40, the
second mput antenna structure 42 coupled to the second
amplifier 40, and the second output antenna structure 44
coupled to the second amplifier 40. In this regard, the first
amplifier sub-assembly 30 and the second amplifier sub-
assembly 32 are separate signal paths for the first amplifier
34 and the second amplifier 40, respectively. The {irst
amplifier sub-assembly 30 and the second amplifier sub-
assembly 32 are positioned radially with respect to the
center axis A and the first amplifier sub-assembly 30 1is
positioned closer to the center axis A than the second
amplifier sub-assembly 32.

The first input antenna structure 36 further comprises a
first input signal conductor 68 extending from an end 36E of
the first input antenna structure 36 adjacent the input coaxial
waveguide section 14 to the first amplifier 34. The second
input antenna structure 42 further comprises a second 1nput
signal conductor 70 extending from an end 42F of the
second mput antenna structure 42 adjacent the mput coaxial
waveguide section 14 to the second amplifier 40. Notably,
the first input signal conductor 68 extends a same distance
as the second mnput signal conductor 70. Accordingly, a
signal that 1s concurrently provided to both the first input end
36E and the second mput end 42E may travel the same
distance to reach the first amplifier 34 and the second
amplifier 40, respectively.

The mput coaxial waveguide section 14 1s configured to
concurrently provide a signal to the first mput antenna
structure 36 and the second input antenna structure 42 of
cach amplifier assembly 18 of the plurality of amplifier
assemblies 18. The input coaxial waveguide section 14
comprises an mput waveguide mner conductor 72 and an
input waveguide outer conductor 74. Outer surfaces of the
input waveguide inner conductor 72 and inner surfaces of
the input waveguide outer conductor 74 have gradually
changed profiles configured to minimize an impedance
mismatch from the iput port 12 to the center waveguide
section 16. An mput waveguide opening 76 1s positioned
between the mput waveguide mnner conductor 72 and the
input waveguide outer conductor 74. Each amplifier assem-
bly 18 includes the body 20 comprising the first amplifier
assembly inner conductor 56, the second amplifier assembly
inner conductor 58, and the amplifier assembly outer con-
ductor 60. The second amplifier assembly inner conductor
58 1s positioned between the first input antenna structure 36
and the second mput antenna structure 42. Notably, the
amplifier assembly outer conductor 60 1s 1n contact with the
input waveguide outer conductor 74 and the first amplifier
assembly 1nner conductor 56 1s 1n contact with the mput
waveguide mner conductor 72. The second amplifier assem-
bly 1mner conductor 58 1s neither 1n contact with the input
waveguide iner conductor 72 nor the mnput waveguide outer
conductor 74. Accordingly, the first input antenna structure
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36 and the second input antenna structure 42 are both
configured to concurrently receive a signal propagating 1n
the 1nput waveguide opening 76 of the input coaxial wave-
guide section 14.

The output coaxial waveguide section 26 1s configured in
a similar manner to the input coaxial waveguide section 14,
except the output coaxial waveguide section 26 1s configured
to concurrently combine signals transmitted from the first
output antenna structure 38 and the second output antenna
structure 44 of each amplifier assembly 18 of the plurality of
amplifier assemblies 18 to form a combined output signal.
The output coaxial waveguide section 26 comprises an
output waveguide mner conductor 78 and an output wave-
guide outer conductor 80. Outer surfaces of the output
waveguide mner conductor 78 and inner surfaces of the
output waveguide outer conductor 80 have gradually
changed profiles configured to minimize an i1mpedance
mismatch from the center waveguide section 16 to the
output port 28. An output waveguide opening 82 1s posi-
tioned between the output waveguide inner conductor 78
and the output waveguide outer conductor 80. The second
amplifier assembly inner conductor 38 1s positioned between
the first output antenna structure 38 and the second output
antenna structure 44. Notably, the amplifier assembly outer
conductor 60 1s 1n contact with the output waveguide outer
conductor 80 and the first amplifier assembly inner conduc-
tor 56 1s 1n contact with the output waveguide inner con-
ductor 78. The second amplifier assembly inner conductor
58 1s neither 1n contact with the output wavegude inner
conductor 78 nor the output waveguide outer conductor 80.
Accordingly, the first output antenna structure 38 and the
second output antenna structure 44 are both configured to
concurrently provide an amplified signal to the output
coaxial waveguide section 26 via the output waveguide
opening 82.

As also illustrated 1n FIG. 3, the center waveguide section
16 comprises the plurality of amplifier assemblies 18 posi-
tioned circumierentially around a post 84. The body 20 of
cach amplifier assembly 18 comprises a predetermined
wedge-shaped cross-section and when the amplifier assem-
blies 18 are assembled together, they form a cylinder with a
cylindrical central cavity, which accommodates the post 84.
The 1nput waveguide 1nner conductor 72 and the output
waveguide inner conductor 78 may be directly attached to
the post 84. The post 84 may also be referred to as a center
rod. In other embodiments, such as ones where 1t 1s desired
to position the amplifier assemblies 18 closer together
around the center axis A, the post 84 may be omitted. In such
embodiments, the input waveguide mner conductor 72 and
the output waveguide inner conductor 78 may be directly
attached to the first amplifier assembly inner conductor 56 of
cach amplifier assembly 18.

In operation, an mput signal 86 enters through the input
port 12 and propagates through the input coaxial waveguide
section 14 to the first input antenna structure 36 and the
second 1nput antenna structure 42 of each amplifier assem-
bly 18. Each first mput antenna structure 36 and second
input antenna structure 42 couples the input signal 86
concurrently to each first amplifier 34 and second amplifier
40, respectively. Each first output antenna structure 38 and
second output antenna structure 44 couples a portion of an
amplified signal 86 ,,, to the output coaxial waveguide
section 26 to be propagated through the output port 28 as the
amplified signal 86 ,, ».

Accordingly, some embodiments disclosed herein include
a spatial power-combining device comprising a plurality of
amplifier assemblies, wherein each amplifier assembly of
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the plurality of amplifier assemblies comprises a plurality of
amplifiers. The plurality of amplifiers are configured to
concurrently amplify an input signal in parallel with each
other. Additionally, an 1nput coaxial waveguide section 1s
configured to provide the mput signal and each amplifier
assembly of the plurality of amplifier assemblies 1s config-
ured to concurrently split the input signal received from the
iput coaxial waveguide into a plurality of mput signal
portions. Each input signal portion of the plurality of input
signal portions corresponds to a separate amplifier of the
plurality of amplifiers. Each amplifier of the plurality of
amplifiers 1s configured to concurrently amplily a corre-
sponding input signal portion to generate corresponding
amplified output signal portions, and concurrently provide
the corresponding amplified output signal portions to an
output coaxial waveguide section.

FIG. 4 1s a perspective view ol a portion of a spatial
power-combining device structure 88 similar to the embodi-
ments described 1n the previous figures but with only the
center waveguide section 16 illustrated. The spatial power-
combining device structure 88 comprises the plurality of
amplifier assemblies 18 arranged coaxially about the center
axis A and each amplifier assembly 18 includes the first
amplifier assembly inner conductor 56, the second amplifier
assembly 1mner conductor 58, and the amplifier assembly
outer conductor 60. As with the first input opening 62 and
the second mput opening 64 described in FIG. 2B, each
amplifier assembly 18 additionally includes a first output
opening 90 and a second output opening 92. The first input
opening (62 as described for FIG. 2B) and the first output
opening 90 of each amplifier assembly 18 collectively form
a first cylindrical opening 94. The second 1nput opening (64
as described for FIG. 2B) and the second output opening 92
of each amplifier assembly 18 collectively form a second
cylindrical opening 96. The second cylindrical opening 96 1s
positioned farther away from the center axis A than the first
cylindrical opeming 94. The first amplifier sub-assembly (30
in FIG. 2A) of each amplifier assembly 18 1s positioned 1n
the first cylindrical opeming 94 and the second amplifier
sub-assembly (32 1n FIG. 2A) of each amplifier assembly 18
1s positioned in the second cylindrical opening 96. Accord-
ingly, the mput coaxial waveguide section (14 1 FIG. 3) 1s
configured to concurrently provide an imput signal (86 1n
FIG. 3) to the first amplifier sub-assembly (30 1n FIG. 2A)
via the first cylindrical opening 94 and the second amplifier
sub-assembly (32 1 FIG. 2A) via the second cylindrical
opening 96 of each amplifier assembly 18. In a like manner,
the output coaxial waveguide section (26 i FIG. 3) 1s
configured to concurrently combine amplified signals
(86 ,,,~ 1n FIG. 3) from the first amplifier sub-assembly (30
in FIG. 2A) via the first cylindrical opening 94 and the
second amplifier sub-assembly (32 in FIG. 2A) via the
second cylindrical opening 96 of each amplifier assembly
18.

In other embodiments, 1t may be desirable to only provide
a signal for amplification to a particular amplifier sub-
assembly of each amplifier assembly. FIG. 5 1s a partial
cross-sectional view of a spatial power-combining device 98
that 1s stmilar to the spatial power-combining device 66 of
FIG. 3. The center waveguide section 16, including the
plurality of amplifier assemblies 18, 1s the same as described
for FIG. 3. Each amplifier assembly 18 includes the first
amplifier sub-assembly 30; the second amplifier sub-assem-
bly 32; and the body 20 comprising the first amplifier
assembly mner conductor 56, the second amplifier assembly
inner conductor 38, and the amplifier assembly outer con-
ductor 60, as previously described. The spatial power-
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combining device 98 further includes an mput coaxial
waveguide section 100 configured to only provide a signal
to the first amplifier sub-assembly 30 of each amplifier
assembly 18 and an output coaxial waveguide section 102
configured to only receive a signal from the first amplifier
sub-assembly 30 of each amplifier assembly 18. The 1nput
coaxial waveguide section 100 includes an input waveguide
inner conductor 104 and an input waveguide outer conductor
106. The input waveguide iner conductor 104 1s in contact
with the first amplifier assembly inner conductor 56 of each
amplifier assembly 18 and the mput waveguide outer con-
ductor 106 1s 1n contact with the second amplifier assembly
inner conductor 58 of each amplifier assembly 18. Notably,
the amplifier assembly outer conductor 60 of each amplifier
assembly 18 1s not 1n contact with the 1nput coaxial wave-
guide section 100. For example, the amplifier assembly
outer conductor 60 of each amplifier assembly 18 may be
separated from the mput waveguide outer conductor 106 by
a gap 108. Accordingly, a signal from the input coaxial
waveguide section 100 will only be provided to the first
amplifier sub-assembly 30 of each amplifier assembly 18.
The output coaxial waveguide section 102 1s provided 1n a
similar configuration wherein an output waveguide inner
conductor 110 contacts the first amplifier assembly 1nner
conductor 36 of each amplifier assembly 18 and an output
waveguide outer conductor 112 contacts the second ampli-
fier assembly 1nner conductor 38 of each amplifier assembly
18. Accordingly, the amplifier assembly outer conductor 60
1s not 1n direct contact with the output coaxial waveguide
section 102.

In this regard, a spatial power-combiming device with a
center waveguide section as described herein may be con-
figured with diflerent amplifications based on a configura-
tion of an put coaxial waveguide section and an output
coaxial waveguide section. As described above, the different
amplifications are based on where the mput coaxial wave-
guide section and the output coaxial waveguide section
contact portions of each amplifier assembly 1n the center
waveguide section. Accordingly, a center waveguide section
for a spatial power-combining device comprises a center
axis and a plurality of amplifier assemblies arranged coaxi-
ally about the center axis. The center waveguide section 1s
configured to be an N-way amplifier. In a first configuration,
N 1s equal to x. In a second configuration, N 1s equal to v,
and y 1s not equal to x. Further examples include configu-
rations where v 1s equal to two times X, y 1s equal to three
times X, v 1s equal to four times X, and so on.

In some embodiments, a spatial power-combiming device
for moditying a signal comprises a center waveguide section
comprising a plurality of amplifier assemblies. Each ampli-
fier assembly of the plurality of amplifier assemblies com-
prises a first amplifier sub-assembly and a second amplifier
sub-assembly. The spatial power-combining device 1s con-
figured to be an N-way combiner. In a first configuration, N
1s equal to x. In a second configuration, N 1s equal to y, and
y 1s not equal to x. Further examples include configurations
where v 1s equal to two times X, vy 1s equal to three times X,
y 1s equal to four times X, and so on. In one embodiment, the
spatial power-combining device comprises an mput coaxial
waveguide section configured to concurrently provide a
signal to the first amplifier sub-assembly of each amplifier
assembly. In another embodiment, the spatial power-com-
bining device comprises an input coaxial waveguide section
configured to concurrently provide a signal to the first
amplifier sub-assembly and the second amplifier sub-assem-
bly of each amplifier assembly.
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The embodiments disclosed herein have been described
for amplifier assemblies with at least two amplifier sub-
assemblies. However, the configuration of amplifier sub-
assemblies allows for scalability and any of the previous
embodiments may comprise more than two amplifier sub-
assemblies per amplifier assembly. As described, each
amplifier sub-assembly includes an amplifier connected to
an mput antenna structure and an output antenna structure to
provide an individual signal path. By providing the indi-
vidual signal paths, each amplifier sub-assembly can be
operated without interference between amplifiers from dii-
ferent sub-assemblies. Accordingly, additional sub-assem-
blies can be added to each amplifier assembly and output
power of a spatial power-combining device will scale with
the number of additional sub-assemblies.

In that regard, FIG. 6A 1s an elevation view of a repre-
sentative amplifier assembly 114 that includes a first ampli-
fier sub-assembly 116, a second amplifier sub-assembly 118,
and a third amplifier sub-assembly 120. The amplifier
assembly 114 comprises a body 122 comprising a {irst
amplifier assembly 1inner conductor 124, a second amplifier
assembly inner conductor 126, a third amplifier assembly
inner conductor 128, and an amplifier assembly outer con-
ductor 130. The first amplifier sub-assembly 116 includes a
first amplifier 132, a first mput antenna structure 134
coupled to the first amplifier 132, and a first output antenna
structure 136 coupled to the first amplifier 132. The second
amplifier sub-assembly 118 includes a second amplifier 138,
a second input antenna structure 140 coupled to the second
amplifier 138, and a second output antenna structure 142
coupled to the second amplifier 138. The third amplifier
sub-assembly 120 includes a third amplifier 144, a third
input antenna structure 146 coupled to the third amplifier
144, and a third output antenna structure 148 coupled to the
third amplifier 144. The third amplifier assembly inner
conductor 128 i1s positioned between the second input
antenna structure 140 and the third input antenna structure
146. Accordingly, the amplifier assembly 114 may be uti-
lized 1n a spatial power-combining device, such as the
spatial power-combining device 66 of FIG. 3, and 1s con-
figured to provide a separate signal path for each of the first
amplifier 132, the second amplifier 138, and the third
amplifier 144. In that manner, the first amplifier 132, the
second amplifier 138, and the third amplifier 144 are con-
figured to concurrently amplily a signal in parallel with each
other.

FIG. 6B 1s a diagram of an end view of the amplifier
assembly 114 of FIG. 6 A. The body 122, including the first
amplifier assembly 1nner conductor 124, the second ampli-
fier assembly mnner conductor 126, the third amplifier assem-
bly 1nner conductor 128, and the amplifier assembly outer
conductor 130, 1s wedge-shaped as previously described. A
first input opening 150 at least partially separates the first
amplifier assembly inner conductor 124 from the second
amplifier assembly mner conductor 126. A second input
opening 152 at least partially separates the second amplifier
assembly inner conductor 126 ifrom the third amplifier
assembly mner conductor 128. A third input opening 154 at
least partially separates the third amplifier assembly 1nner
conductor 128 from the amplifier assembly outer conductor
130. The first input antenna structure 134 1s coupled to the
first amplifier assembly 1nner conductor 124 and the second
amplifier assembly inner conductor 126 across the first input
opening 150. The second input antenna structure 140 1is
coupled to the second amplifier assembly inner conductor
126 and the third amplifier assembly mner conductor 128
across the second input opening 152. The third mnput antenna
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structure 146 1s coupled to the third amplifier assembly 1nner
conductor 128 and the amplifier assembly outer conductor
130 across the third mput opening 154. It 1s understood the
output of the amplifier assembly 114 would be similar to the
description above for the input of the amplifier assembly 114
and, accordingly, the term “input” may be replaced with the
term “output.” As described for FIG. 3 and FIG. 5, an input
coaxial waveguide section may be configured to contact the
first amplifier assembly 1mnner conductor 124 and the ampli-
fier assembly outer conductor 130 and will thus concurrently
provide a signal to the first input antenna structure 134, the
second input antenna structure 140, and the third input
antenna structure 146. However, alternative configurations
are possible. For example, a different imput coaxial wave-
guide section may be configured to contact the first amplifier
assembly inner conductor 124 and the third amplifier assem-
bly mner conductor 128 and will then concurrently provide
a signal only to the first input antenna structure 134 and the
second 1nput antenna structure 140. Different configurations
of the mput coaxial waveguide section may contact any pair
of the first amplifier assembly inner conductor 124, the
second amplifier assembly 1nner conductor 126, the third
amplifier assembly 1nner conductor 128, and the amplifier
assembly outer conductor 130 to amplify a signal concur-
rently along one, two, or three signal paths, where each path
includes a separate amplifier. Accordingly, different input
coaxial waveguide sections can be coupled to a center
waveguide section formed from a plurality of the amplifier
assemblies 114 to offer different amplification factors.

FIG. 7 1s an elevation view of a representative amplifier
assembly 156 that 1s similar to the amplifier assembly 114 of
FIG. 6A, but includes a fourth amplifier sub-assembly 158
in addition to the first amplifier sub-assembly 116, the
second amplifier sub-assembly 118, and the third amplifier
sub-assembly 120 as previously described. The fourth
amplifier sub-assembly 158 includes a fourth amplifier 160,
a fourth mput antenna structure 162 coupled to the fourth
amplifier 160, and a fourth output antenna structure 164
coupled to the fourth amplifier 160. The amplifier assembly
156 also includes a fourth amplifier assembly 1nner conduc-
tor 166 1n addition to the first amplifier assembly inner
conductor 124, the second amplifier assembly inner conduc-
tor 126, the third amplifier assembly 1nner conductor 128,
and the amplifier assembly outer conductor 130. Accord-
ingly, the amplifier assembly 156 may be utilized in a spatial
power-combining device, such as the spatial power-combin-
ing device 66 of FIG. 3, and 1s configured to provide a
separate signal path for each of the first amplifier 132, the
second amplifier 138, the third amplifier 144, and the fourth
amplifier 160. In that manner, the first amplifier 132, the
second amplifier 138, the third amplifier 144, and the fourth
amplifier 160 are configured to concurrently amplify a signal
in parallel with each other. In other embodiments, different
input coaxial waveguide sections can be coupled to a center
waveguide section formed from a plurality of the amplifier
assemblies 156 to offer different amplification factors as
described above.

The embodiments disclosed herein have been described
for amplifier assemblies with at least two amplifier sub-
assemblies. As previously described, the amplifier assem-
blies may include a body with a plurality of conductors, such
as at least two 1nner conductors and an outer conductor, at
least partially separated by input or output openings. At least
a portion of an amplifier sub-assembly 1s coupled between
two conductors across one of the openings. For example, a
first input antenna structure of a first amplifier sub-assembly
may be coupled to a first amplifier assembly 1nner conductor
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and a second amplifier assembly inner conductor across a
first input opening. However, the configuration of the body
of the amplifier assembly allows more than one amplifier
sub-assembly to couple between two conductors across a
same opening and any of the previous embodiments may
comprise a plurality of amplifier sub-assemblies per opening
in the body.

In that regard, FIG. 8 1s a diagram of an end view of an
amplifier assembly 168 according to some embodiments.
The end view 1s from an 1nput of the amplifier assembly 168
similar to the end view of the amplifier assembly 114 of FIG.
6B. The amplifier assembly 168 includes a first amplifier
assembly inner conductor 170, a second amplifier assembly
inner conductor 172, and an amplifier assembly outer con-
ductor 174. A first mput opening 176 at least partially
separates the first amplifier assembly mnner conductor 170
from the second amplifier assembly inner conductor 172. A
second iput opening 178 at least partially separates the
second amplifier assembly 1nner conductor 172 from the
amplifier assembly outer conductor 174. A body 180 of the
amplifier assembly 168 generally has a wedge shape and.,
accordingly, the second input opening 178 1s larger in area
than the first mput opening 176. A first input antenna
structure 182 1s coupled to the first amplifier assembly 1nner
conductor 170 and the second amplifier assembly inner
conductor 172 across the first imnput opening 176. A second
input antenna structure 184 and a third input antenna struc-
ture 186 are coupled to the second amplifier assembly inner
conductor 172 and the amplifier assembly outer conductor
174 across the second input opening 178.

Accordingly, the amplifier assembly 168 1s provided
where at least one opening (the second mput opening 178 in
FIG. 8) 1n the body 180 accommodates a plurality of 1mput
antenna structures (the second input antenna structure 184
and the third input antenna structure 186 in FIG. 8). It 1s
understood an output of the amplifier assembly 168 would
be similar to the description above for the input of the
amplifier assembly 168 and, accordingly, the term “input”
may be replaced with the term “output.” As previously
described, an input coaxial waveguide section may be con-
figured to contact the first amplifier assembly iner conduc-
tor 170 and the amplifier assembly outer conductor 174 and
will thus concurrently provide a signal to the first input
antenna structure 182, the second input antenna structure
184, and the third mmput antenna structure 186. However,
alternative configurations are possible. For example, a dii-
ferent imnput coaxial waveguide section may be configured to
contact the second amplifier assembly inner conductor 172
and the amplifier assembly outer conductor 174 and will
then concurrently provide a signal only to the second input
antenna structure 184 and the third input antenna structure
186. Different configurations of the input coaxial waveguide
section may contact any pair of the first amplifier assembly
inner conductor 170, the second amplifier assembly 1nner
conductor 172, and the amplifier assembly outer conductor
174 to amplily a signal concurrently along one, two, or three
signal paths. Accordingly, different input coaxial waveguide
sections can be coupled to a center waveguide section
formed from a plurality of the amplifier assemblies 168 to
offer diflerent amplification factors.

FIG. 9 1s a diagram of an end view of an amplifier
assembly 188 according to some embodiments. The end
view 1s Irom an 1put of the amplifier assembly 188 similar
to the end view of the amplifier assembly 168 of FIG. 8. The
amplifier assembly 188 includes a first amplifier assembly
inner conductor 190, a second amplifier assembly 1nner
conductor 192, a third amplifier assembly inner conductor
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194, and an amplifier assembly outer conductor 196. A first
input opening 198 at least partially separates the first ampli-
fier assembly 1nner conductor 190 from the second amplifier
assembly 1nner conductor 192. A second input opening 200
at least partially separates the second amplifier assembly
inner conductor 192 from the third amplifier assembly 1inner
conductor 194. A third input opening 202 at least partially
separates the third amplifier assembly inner conductor 194
from the amplifier assembly outer conductor 196. A body
204 of the amplifier assembly 188 generally has a wedge
shape; accordingly, the second 1mnput opening 200 1s larger 1n
arca than the first mput opening 198, and the third input
opening 202 is larger 1n area than the second input opening
200. A first input antenna structure 206 1s coupled to the first
amplifier assembly inner conductor 190 and the second
amplifier assembly inner conductor 192 across the first input
opening 198. A second mput antenna structure 208 and a
third 1nput antenna structure 210 are coupled to the second
amplifier assembly 1nner conductor 192 and the third ampli-
fier assembly inner conductor 194 across the second input
opening 200. A fourth mput antenna structure 212, a fifth
input antenna structure 214, and a sixth input antenna
structure 216 are coupled to the third amplifier assembly
inner conductor 194 and the amplifier assembly outer con-
ductor 196 across the third mput opening 202.
Accordingly, the amplifier assembly 188 i1s provided
where the second input opening 200 i1n the body 204
comprises a plurality of input antenna structures (the second
input antenna structure 208 and the third mmput antenna
structure 210 of FIG. 9), and the third input opening 202 1n
the body 204 comprises a plurality of mput antenna struc-
tures (the fourth mput antenna structure 212, the fifth input
antenna structure 214, and the sixth mput antenna structure
216 of FIG. 9). In that regard, a total number of the plurality
of mput antenna structures in the third input opening 202 1s
greater than a total number of the plurality of input antenna
structures 1n the second input opening 200. It 1s understood
an output of the amplifier assembly 188 would be similar to
the description above for the mput of the amplifier assembly
188 and, accordingly, the term “mnput” may be replaced with
the term “output.” As previously described, an input coaxial
waveguide section may be configured to contact the first
amplifier assembly 1mnner conductor 190 and the amplifier
assembly outer conductor 196 and will thus concurrently
provide a signal to the first input antenna structure 206, the
second mput antenna structure 208, the third input antenna
structure 210, the fourth input antenna structure 212, the
fifth input antenna structure 214, and the sixth input antenna
structure 216. However, alternative configurations are pos-
sible. Diflerent configurations of the input coaxial wave-
guide section may contact any pair of the first amplifier
assembly 1mnner conductor 190, the second amplifier assem-
bly inner conductor 192, the third amplifier assembly inner
conductor 194, and the amplifier assembly outer conductor
196 to amplify a signal concurrently along one, two, three,
four, five, or six signal paths. Accordingly, diflerent input
coaxial waveguide sections can be coupled to a center
waveguide section formed from a plurality of the amplifier
assemblies 188 to offer different amplification factors.
Those skilled in the art will recognize improvements and

modifications to the preferred embodiments of the present
disclosure. All such improvements and modifications are
considered within the scope of the concepts disclosed herein
and the claims that follow.
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What 1s claimed 1s:

1. A spatial power-combining device for modifying a
signal comprising a plurality of amplifier assemblies,
wherein each amplifier assembly of the plurality of amplifier
assemblies comprises:

a first amplifier sub-assembly comprising:

a first amplifier;

a first mput antenna structure coupled to the first
amplifier;

and

a lirst output antenna structure coupled to the first
amplifier; and

a second amplifier sub-assembly comprising:

a second amplifier;

a second 1put antenna structure coupled to the second
amplifier; and

a second output antenna structure coupled to the second
amplifier.

2. The spatial power-combining device of claim 1 wherein
the first amplifier comprises a first Monolithic Microwave
Integrated Circuit (MMIC) amplifier and the second ampli-
fier comprises a second MMIC amplifier.

3. The spatial power-combining device of claim 1 further
comprising a center axis, and wherein the plurality of
amplifier assemblies are arranged coaxially about the center
axis.

4. The spatial power-combining device of claim 3 wherein
for each amplifier assembly of the plurality of amplifier
assemblies, the first amplifier sub-assembly and the second
amplifier sub-assembly are positioned radially with respect
to the center axis, the first amplifier sub-assembly positioned
closer to the center axis than the second amplifier sub-
assembly.

5. The spatial power-combining device of claim 1 wherein
at least one amplifier assembly of the plurality of amplifier
assemblies further comprises:

a first input signal conductor extending from an end of the

first 1nput antenna structure to the first amplifier; and

a second 1nput signal conductor extending from an end of
the second 1nput antenna structure to the second ampli-
fler:

wherein the first input signal conductor extends a same
distance as the second input signal conductor.

6. The spatial power-combining device of claim 1 further
comprising an input coaxial waveguide section configured to
concurrently provide a signal to the first mput antenna
structure and the second input antenna structure of each
amplifier assembly of the plurality of amplifier assemblies.

7. The spatial power-combining device of claim 6 wherein
the 1put coaxial waveguide section further comprises:

an input waveguide inner conductor;

an input waveguide outer conductor; and

an mput waveguide opening positioned between the input
waveguide imner conductor and the mput waveguide
outer conductor.

8. The spatial power-combining device of claim 7 wherein
cach amplifier assembly of the plurality of amplifier assem-
blies further comprises:

a body comprising a first amplifier assembly 1mnner con-
ductor, a second amplifier assembly inner conductor,
and an amplifier assembly outer conductor;

wherein the second amplifier assembly 1nner conductor 1s
positioned between the first input antenna structure and
the second input antenna structure; and

wherein the second amplifier assembly 1nner conductor 1s
in contact with the input waveguide outer conductor.
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9. The spatial power-combining device of claim 7 wherein
cach amplifier assembly of the plurality of amplifier assem-
blies further comprises:

a body comprising a first amplifier assembly inner con-
ductor, a second amplifier assembly mmner conductor,
and an amplifier assembly outer conductor;

wherein the second amplifier assembly inner conductor 1s
positioned between the first input antenna structure and
the second 1nput antenna structure; and

wherein the amplifier assembly outer conductor 1s 1n
contact with the mput waveguide outer conductor.

10. The spatial power-combining device of claim 9
wherein the second amplifier assembly inner conductor 1s
neither 1n contact with the iput waveguide inner conductor
nor the mput waveguide outer conductor.

11. The spatial power-combining device of claim 9 further
comprising;

a third amplifier;

a third 1nput antenna structure coupled to the third ampli-

fier; and

a third output antenna structure coupled to the third
amplifier.

12. The spatial power-combining device of claim 11
wherein the body further comprises a third amplifier assem-
bly inner conductor that 1s positioned between the second
input antenna structure and the third input antenna structure.

13. The spatial power-combining device of claim 1 further
comprising an output coaxial waveguide section configured
to concurrently combine signals transmitted from the first
output antenna structure and the second output antenna
structure of each amplifier assembly of the plurality of
amplifier assemblies to form a combined output signal.

14. The spatial power-combining device of claim 13
wherein the output coaxial waveguide section further com-
Prises:

an output waveguide inner conductor;

an output waveguide outer conductor; and

an output waveguide opening positioned between the
output waveguide iner conductor and the output wave-
guide outer conductor.

15. The spatial power-combining device of claim 14
wherein each amplifier assembly of the plurality of amplifier
assemblies further comprises:

a body comprising a first amplifier assembly 1nner con-
ductor, a second amplifier assembly mner conductor,
and an amplifier assembly outer conductor;

wherein the second amplifier assembly inner conductor 1s
positioned between the first output antenna structure
and the second output antenna structure; and

wherein the amplifier assembly outer conductor 1s 1n
contact with the output waveguide outer conductor.

16. The spatial power-combining device of claim 14
wherein each amplifier assembly of the plurality of amplifier
assemblies further comprises:

a body comprising a first amplifier assembly inner con-
ductor, a second amplifier assembly mnner conductor,
and an amplifier assembly outer conductor;

wherein the second amplifier assembly inner conductor 1s
positioned between the first output antenna structure
and the second output antenna structure; and

wherein the second amplifier assembly inner conductor 1s
in contact with the output waveguide outer conductor.

17. A spatial power-combining device structure compris-
ing a first amplifier assembly structure, wherein the first
amplifier assembly structure comprises:
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a wedge-shaped body, comprising:

a first amplifier assembly inner conductor;

a second amplifier assembly inner conductor, and

an amplifier assembly outer conductor;

wherein the second amplifier assembly 1nner conductor
15 at least partially separated from the first amplifier
assembly inner conductor and the amplifier assembly
outer conductor.

18. The spatial power-combining device structure of
claim 17 wherein the wedge-shaped body further comprises:
a first input opening that at least partially separates the
second amplifier assembly i1nner conductor from the

first amplifier assembly mner conductor; and

a second 1nput opening that at least partially separates the
second amplifier assembly inner conductor from the
amplifier assembly outer conductor.

19. The spatial power-combining device structure of
claim 18 further comprising a first mput antenna structure
coupled to the first amplifier assembly inner conductor and
the second amplifier assembly inner conductor across the
first input opening.

20. The spatial power-combining device structure of
claim 19 further comprising a second input antenna structure
coupled to the second amplifier assembly inner conductor
and the amplifier assembly outer conductor across the sec-
ond input opening.

21. The spatial power-combining device structure of
claim 20 further comprising:

a plurality of amplifier assembly structures that include

the first amplifier assembly structure and a center axis;
wherein the plurality of amplifier assembly structures are
arranged coaxially about the center axis.

22. The spatial power-combining device structure of
claim 21 wherein the first input opeming of each amplifier
assembly structure of the plurality of amplifier assembly
structures collectively forms a first cylindrical opening.

23. The spatial power-combining device structure of
claim 22 wherein the second input opeming of each amplifier
assembly structure of the plurality of amplifier assembly
structures collectively forms a second cylindrical opening
that 1s positioned farther away from the center axis than the
first cylindrical opening.

24. The spatial power-combining device structure of
claim 18 further comprising:

a third amplifier assembly mner conductor;

a third mput opening that at least partially separates the
third amplifier assembly inner conductor from the
amplifier assembly outer conductor;

a first input antenna structure coupled to the first amplifier
assembly inner conductor and the second amplifier
assembly iner conductor across the first input opening;

a second iput antenna structure coupled to the second
amplifier assembly inner conductor and the third ampli-
fier assembly mner conductor across the second 1nput
opening; and

a third input antenna structure coupled to the third ampli-
fier assembly inner conductor and the amplifier assem-
bly outer conductor across the third input opening.

25. The spatial power-combining device structure of
claim 24 further comprising:

a plurality of second input antenna structures that include

the second input antenna structure; and

a plurality of third mput antenna structures that include
the third mput antenna structure.

26. The spatial power-combining device structure of
claim 25 wherein a total number of the plurality of third
input antenna structures 1s greater than a total number of the
plurality of second input antenna structures.

-




US 10,615,482 B2

19

27. A spatial power-combining device for modifying a
signal comprising a plurality of amplifier assemblies,
wherein each amplifier assembly of the plurality of amplifier
assemblies comprises:

a plurality of amplifiers;

wherein the plurality of amplifiers are configured to

concurrently amplify an input signal in parallel with
cach other within each amplifier assembly.

28. The spatial power-combining device of claim 27
turther comprising:

an put coaxial waveguide section configured to provide

the mput signal;
wherein each amplifier assembly of the plurality of ampli-
fier assemblies 1s configured to concurrently split the
input signal received from the input coaxial waveguide
section 1nto a plurality of mput signal portions; and

wherein each mnput signal portion of the plurality of input
signal portions corresponds to a separate amplifier of
the plurality of amplifiers.
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29. The spatial power-combining device of claim 28
wherein each amplifier of the plurality of amplifiers 1s
configured to concurrently amplily a corresponding 1nput
signal portion to generate corresponding amplified output
signal portions and concurrently provide the corresponding,
amplified output signal portions to an output coaxial wave-
guide section.

30. The spatial power-combining device of claim 27
wherein the plurality of amplifiers comprises a first ampli-
fier, a second amplifier, and a third amplifier configured to
concurrently amplify a signal 1n parallel with each other.

31. The spatial power-combining device of claim 30
wherein the plurality of amplifiers further comprises a fourth
amplifier and the first amplifier, the second amplifier, the
third amplifier, and the fourth amplifier are configured to
concurrently amplily a signal 1n parallel with each other.
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